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Abstract: Degradation of chlorinated aliphatic hydrocarbons (CAHs) by application of nanoscale zerovalent iron
(nZVI) to the geological environment represents an innovative remediation procedure. For a successful process
of removing hazardous pollutants from the geological environment there is necessary to carry out experiments
simulating a real geological environment in a longer series of observations. This experimental study represents
the nanodegradation of chlorinated ethenes using four concentrations of synthetic nZVI from the contaminated
groundwater in the simulated geological conditions of model environmental burden (non-contaminated gravel).
The concentration of CAHs in the closed environment decreased even without nZVI addition, but nZVI accelerated
the removal of CAHs. The complete degradation of CAHs was achieved already at the lowest concentration of
nZVI -1 g.I'". No vinyl chloride has been determined after the nanodegradation, therefore it is assumed that the
degradation pathway led to the formation of non-toxic products. The gravel attenuates the alkalization of the
groundwater after the nZVI addition, giving a perspective to further in situ application. The concentrations of
selected CAHs (cis-1,2-DCE, PCE, TCE and the sum of five CAHs) after degradation by nZVI were below the
hygienic limits for groundwater according to Directive by the Ministry of Environment of the Slovak Republic

No. 1/2015-7.
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Introduction
The group of chlorinated aliphatic hydrocarbons

(CAHs) belongs to the most significant environmental
contaminants. They are widespread and pose a health risk
already at low concentrations (Barbee, 1994). CAHs are
less soluble in the water, but soluble enough to migrate
through the flow of groundwater over long distances with
ability to contaminate the ecosystems, which haven't
been contaminated primarily (Yu & Chou, 2000). The
contamination of the environment with the chlorinated
hydrocarbons is the result of release into the soils and
waters during their production and application, originating
during the years, when its potential toxicity was no

Nanodegradation of chlorinated aliphatic hydrocarbons
(CAHs) from the native contaminated groundwater is
proposed.

Nanoiron particles readily degrade CAHs by the mechanism
of reduction

The impact of the native geological environment on the
CAHs nanodegradation is explored

Results show the great potential for in situ application of
nanoremediation technique

priority. Chlorinated hydrocarbons are considered toxic
even at the concentration of 5 pg.I"' due to their potential
carcinogenicity (Schiefler et al., 2018).

The fate of CAHs in the environment

This study deals with chlorinated ethenes: vinyl chloride
(VC), 1,1-dichloroethylene (DCE), cis-1,2-dichloroethyle-
ne (cis-1,2-DCE), trans-1,2-dichloroethylene (trans-
1,2-DCE), trichloroethylene (TCE), perchloroethylene
(tetrachloroethylene, PCE) and their removal from the
groundwater with nanoscale zerovalent iron particles
(nZVI]) in microcosm. CAH solvents are important in-
dustrial agents used for degreasing of metals, cleaning
electronic components, dissolution of rubber, removing of
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oil and wax from fibers, and dry cleaning of fabrics (Bhatt
et al., 2007). CAHs are used as extracting agents for fish
meal, leather, oil-containing seeds, soy, coffee beans, and
are important intermediates in manufacturing, especially
for polyvinyl chloride (PVC) production (Barbee, 1994).
Generally, the most common exposition way of CAHs
is the inhalation of the contaminated air and the dermal
contact with the polluted material. After ingestion, VC is
transformed to the high-reactive epoxide chloroethylene-
dioxide, which converts to chloroacetaldehyde and binds
to DNA, therefore it is considered mutagenic. Acute poiso-
ning with VC occurs up to a concentration of 20-50 mg.I"!
with irritation of the respiratory tract and eyes. Chronic po-
isoning lead to “vinyl chloride disease” — summary name
for the headache, liver damage, and pulmonary fibrosis,
not excluding carcinoma of liver, lungs, digestive tract and
brain (Frankovska et al., 2010). Breating of high concen-
trations of 1,2-DCE may cause nausea, vertigo, drowsi-
ness, weakness, tremor and fatigue. Chronic exposure to
TCE may cause kidney and liver cancer, the non-Hodking
lymphoma, and also poses a potential hazard for noncan-
cer toxicity to the central nervous system, immune system,
male reproductive system, and the developing embryo/fe-
tus (Chiu et al., 2013). PCE inhaled at the high concentra-
tion may be toxic to the central nervous system, liver and
kidneys, the carcinogenity was proved on many animal
studies, but in relation with human body, it is still a pro-
bable carcinogen (Mundt et al., 2003). Among chlorinated
ethenes, only VC and TCE are classified as carcinogenic
to humans by all routes of exposure (Group A) by US EPA
(Rusyn et al., 2014; Walter et al., 2011).

Nanoiron as the tool for CAHs degradation

Based on the chemical structure of CAHs, they are
predestinated for reductive degradation, therefore one of
the best options for their removal is the nanoiron. Iron is
well-known due to its reduction abilities. When transferred
into the nano-dimensions, iron acquires new features and
properties: greater specific surface, higher concentration
of reactive sites, stronger reduction capability, higher
reactivity through the whole range of contaminants,
including CAHs, and better mobility in the matrix. One
of the most critical limitations of the use of nZVI is their
tendency of agglomeration into the clusters, therefore it
is recommended to provide the surface modification of
nZVI, or addition of substances increasing their mobility
(Stefaniuk et al., 2016; Tian et al., 2000). The options for
preventing the unwanted agglomeration, passivation, and
sedimentation of nZVI is covering of the nZVI particles
with a layer of stabilizing compound that may cause the
changes in surface charge and decrease their aggregation.
The most used compounds are (bio)polymers, anionic
surfactants, starch, carboxymetyl cellulose (CMC), guar
gum, and polyacryllic acid. Another type of stabilization is
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the emulsification of nZVI, where nanoiron particles pass
to the hydrophobic medium. Encapsulation into the matrix
and immobilization on the surface of matrix solves the
problem of difficult separation from the remediation zone
(Stefaniuk et al., 2016). CAHs are nanodegraded mainly
by the mechanism of adsorption and reduction (Eq. 1),
Fe"+H,0+RX — RH + Fe*+ OH + X 1)
where R is the hydrocarbon chain and X halogen. In
the aquatic environment, zerovalent iron oxidizes from
Fe’ to Fe*, while releasing electrons, which is crucial
for contaminant reduction. Depending on the type of
hydrocarbon, the reaction can run by the mechanism of
sequential hydrogenolysis (Eq. 2), taking place in the
strong reductive conditions, or by reductive B-elimination
(Eq. 3), which occurs when two vicious carbons in the
chain are substituted by chlorine, resulting in the release
of halogen as halide.

RX+2e+H" - RH+X
—CHX=CHX-+2 ¢ — -CH=CH-+2 X

(@)
3

When there is a high concentration of dissolved oxygen
in the water, another mechanism of action is proposed
(Eq. 4). With a decreasing concentration of O,, the
redox potential drops into the anoxic values. In this case,
groundwater reacts with iron by the process of corrosion
with hydrogen depolarization (Eq. 5), with the formation
of hydrogen, which stimulates the growth of anaerobic
microorganisms with the ability of dehalogenation
of contaminants. Regardless of aerobic or anaerobic
dehalogenation, in the result, there is an increasement in
the OH- concentration, accompanied with the pH increase.
In this case, it is possible to buffer the environment with
solubilized CO, or by the addition of bicarbonates (Cernik,
2010).

Fe"+', 0,+H,0 — Fe*"+ 2 OH
Fe'+2H,0 — 2 OH +H,

“
(&)

From the above-mentioned mechanisms, the most
common pathway of CAH degradation via nZVI is a
reduction, mainly o- or B-elimination. The observed
products of PCE and TCE reduction include cis-1,2-
DCE and VC (Wactawek et al., 2015). CAHs may be
degraded in the natural biological environment, as well.
The degradation kinetics of all biological reactions are
complex and might depend on several biochemical and
environmental factors. Generally, it is a first-order decay,
when the biodegradation rate is primarily a function of the
CAH concentration.

A conceptual anaerobic-aerobic model for biological
reactions of CAHs is proposed PCE is assumed to degrade
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only via the anaerobic pathway, the less-chlorinated CAHs
canbedegradedbyboth—anaerobicandaerobic mechanisms
even to ethene (Clement et al., 2000). Nanodegradation of
various hazardous substances is still a subject of current
interest, but recently the research is focused on improving
of remediation efficiency by a combination of nZVI with
another physico-chemical or biological technique. PCE
from artificially contaminated medium was completely
removed after 6 days of simultaneous application of
anaerobic microbial consortium and nZVI modified by
layered double hydroxide (Wang et al., 2020). Bimetallic
FePd nanoparticles incorporated in the pores of granular
activated carbon was synthesized by Zhangetal. (2017) and
integrate the mechanisms of reduction and absorption with
100 % removal efficacy in microcosm. The combination of
nZVI stabilized with polyvinylpyrrolidone and surfactants
(CTAB, SDS) enhanced the PCE degradation resulting
in complete removal of TCE from the soil-water system
within 3 hours (Tian et al., 2020). Application of nZVI
(Nanofer 25S) and bacterial strain Ochrobactrum anthropi
isolated from the contaminated sediment has been shown
to be effective in removing of polychlorinated biphenyls
(PCBs) with 99 % degradation of Delor 103 — industrial
mixture of PCBs (Horvathova et al., 2019).

Taking into the account the further in situ application
of nZVI, the toxicity of nZVI towards various trophic
levels should be considered. When introduced into the
environment, bacteria are the “first line” of contact with
nZVI. The impact of nZVI exposure cannot be generalized,
because it is strongly influenced by the bacterial strain.
One of the most negative effect of nZVI exposure is the
formation of reactive oxygen species (ROS), that may
cause the peroxidation of membrane lipids and DNA
damage (Auffan et al., 2008). For example, the reaction
of Bacillus cereus to nZVI exposure was the accelerated
entry into the sporulation phase (Fajardo et al., 2013).
Several cycles of the exposure of Pseudomonas putida F1
to low concentration of nZVI (0.1 g.I'") led to the rise of
persistent phenotype with a higher tolerance to nZVI, and
complete inhibition of cell growth was observed at 5 g.I'!
of nZVI (Kotchaplai et al., 2017). The concentration of
bacterial strain Stenotrophomonas maltophilia decreased
4 times after 140 h exposure to nZVI Nanofer 258 in the
concentration of 2 g.I'" (Horvathova et al., 2019). Several
studies indicate the positive effect of nZVI — effective
degradation of nitrates (Shin & Cha, 2008); the formation
of H", that can act as a biostimulant for methanogene and
sulphate-reducing bacteria (Cecchin et al., 2017); or the
stimulation of growth of the Gram(+) bacteria (Némecek
et al., 2014). Among water and soil organisms, a negative
effect on reproduction, body mass and mortality were
noted at earthworms Eisenia fetida and Lumbricullus
rubellus already at concentrations above 100 mg soil kg
(El-Temsah & Joner, 2012). The same research team
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examined a collembola Folsomia candida and ostracods
Heterocrypsis incongruens incubated with 1 or 10 g
nZVI kg' and observed severe toxic effects short time
(7 days) after addition of nZVI, with a high mortality of
adults. After 30 days, adults could survive in treated soils,
while no juveniles were produced. The adverse effects of
nZVI on test organisms seem temporary and reduces after
oxidation of nZVI particles (El-Temsah & Joner, 2013).
Yang et al. (2016) shows no significant mortality after
24 h exposure of the nematode Caenorhabditis elegans to
environmentally significant concentration of nZVI coated
with CMC, but the reproductive toxicity assays revealed
that CMC-nZVIdecreased offsprings in parental generation
and increased the concentration of ROS. The reproductive
toxicity was transferable from the FO (parental) to F1 and
F2 generations, but recovered in the F3 and F4 generations
after parental exposure. The mammalian cells are the
least examined group. The nZVI particles are able to
overcome biological barriers and migrate through the
body by absorption by the alveolus, small intestine or
skin up to tissues and provoke the oxidative stress (Keane
et al., 2009). Recently, the application of nZVI has been
one of the commonly used environmental technologies.
It is necessary to find a balance between the beneficiary
effect of nanoremediation and potential toxicity of nZVI
introduced into the environment.

This paper is focused on the nanodegradation of
chlorinated ethenes using the synthetic nZVI dispersion
Nanofer 25S (NANO IRON, s.r.o., CZ) from the native
groundwater samples with CAH contamination from mo-
del locality: a) nanodegradation of CAH from the con-
taminated groundwater; b) nanodegradation of CAHs in
the contaminated groundwater in the simulated geological
environment representing real conditions of model loca-
lity. The main goal of the experiments was to define the
effective concentrations of nZVI in the removal of CAH
from saturation geological zone to the given hygienic li-
mits (Indication (ID) and intervention (IT) criteria accor-
ding to Directive of Ministry of Environment of the Slovak
Republic No. 1-2015/7). Obtained experimental data will
be used for the purposes of designing a real application
of nanoremediation at the model locality of environmental
burden.

Characterization of investigated problem

The contaminated groundwater has been sampled from
model locality in the central part of Bratislava. The area of
interest is situated in the wide center of Bratislava and is a
part of a large environmental load classified as confirmed
environmental burden (registered as “B1 (002) / Bratislava
— Old Town — Apollo — wider area of the former refinery”
in the Register of environmental burdens). In the past, the
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area of interest belonged to the industrial zone of the city
with industrial production facilities, which significantly
affected the current environmental condition of the area.
The area has been used industrially since 1896, when the
former Apollo oil refinery was opened. The recent pollution
represented by the free phase of petroleum hydrocarbons
on the groundwater surface most likely comes from
a historical accident after the bombing of the Apollo
refinery during the Second World War (in 1944). Pollution
of groundwater and geological environment was also
increased by production facilities such as Kablo, Gumon,
Heating plant ZSE and Chemika. Significant extensive
pollution of the rock environment and groundwater has
been confirmed by several geological surveys (e.g. Jantak
and Polak, 2001; Auxt et al., 2002; Malovesky et al., 2006;
Jantakova et al., 2018). Important contaminants such as
non-polar extractable substances, C, ~C,, BTEX, PAHs
and CAHs exceeded the ID and IT criteria several times
(Directive of Ministry of environment of SR No. 1/2015-7)
in the rock environment and groundwater. Nowadays, the
industrial objects are mostly demolished and there is an
intensive development of polyfunctional buildings and
several remediation projects in the area of interest.

In the depths relevant from the point of view of
potential remediation works, the geological environment
is formed by rocks of Quaternary cover formations
(Pleistocene to Holocene facies of Quaternary fluvial and
anthropogenic sediments). Neogene sediments are found
in their subsoil. The area of floodplain valley is mostly
flat with altitude differences lower than 2 m and minimal
slope of natural relief, which is formed by the Danube
river — the dominant natural factor of area. The surface
of area is formed by Neogene and Quaternary sediments
and artificially settled with the anthropogenic layer (up to
5.1 m). The Quaternary formation is formed by 0.7-1.8 m
thick positions of various anthropogenic sediments, and
positions up to 4.0 m are present in some part of the model
area (Jantak & Polak, 2001). Below this layer are located
original and compact sandy soils of the Quaternary alluvial
complex. These are the youngest and most widespread
fluvial sediments, rising in form of bottom lands of
creeks and rivers (Pristas et al., 1992). The thickness of
this layer varies widely and in some areas is completely
missing. Then the anthropogenic layer is in direct contact
with the gravel layer. It is up to 12 m thick, with pebbles
of @ 1-5 cm, in the lower parts ¢ 15-30 cm. Neogene is
formed by 10.6—15.9 m thick clayey — sandy complex with
pitches of gravels (Vlasko et al., 2015).

Methodology

Contaminated water sampling

Contaminated groundwater has been pumped from
the hydrogeological well in central part of studied area
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according to appropriate standards and technical norms
into the storage container (50 1), avoiding its contact with
air. Groundwater sample to determine the concentration
of contaminants has been withdrawn and pH, E
(conductivity), E_ (redox potential) values have been
determined in sifu immediately after pumping. To simulate
the geological profile of the locality of environmental
load, native geological substrates from drilling cores
were collected. A fine gravel (fraction 4-8 mm) from the
saturated zone without contamination served as the native
solid samples for filling the experimental containers.

Characterization of the nZV1I dispersion Nanofer 255

The degradation of CAHs was performed by aqueous
dispersion Nanofer 25S (NANO IRON, Ltd., CZ) stabilized
with biodegradable organic and inorganic modifiers. The
iron content: 14—18 % w/w, with the particle size > 50 nm
and the specific surface > 25 m?g!. More information
available at www.nanoiron.cz.

Decontamination of the groundwater with Nanofer 258
nanoparticles

Static experiment of CAHs nanodegradation processed
in 2 1 glass containers closed with a joint cap with 2 | of
contaminated water from the storage container. Dispersion
of nZVI Nanofer 25S in the concentration 0, 1, 2, and
4 g.I'' has been added. Water samples for determining of
CAHs degradation have been withdrawn after 1, 3, 7, 14,
28, and 62 days.

Decontamination of the groundwater in the
simulated geological environment using Nanofer 258
nanoparticles

The 51 glass containers have been filled with inert, non-
contaminated gravel with fraction 4-8 mm, representing
the gravel collector of groundwater (Fig. 1). The gravel
was drenched with approx. 2.5 1 of contaminated water and
the Nanofer 25S dispersion has been added in the same
concentrations as above: 0, 1, 2 and 4 g.I'". Each container
had two drain valves for H, release and water sampling.
Water samples to determine of CAHs degradation have
been withdrawn after 1, 3, 7, 14, and 28 days.

While sampling, the pH, E, E, and temperature were
measured in the same time intervals. pH was measured
by METTLER TOLEDO Seven Compact (USA); E_ and
E, by AQUAREAD Water Monitoring Instruments (UK).
Containers were mixed regularly and stored in the dark
place. Water samples were immediately delivered to
the laboratories. A chemical analyses of water samples
were conducted in the accredited laboratories ALS
Czech Republic (Praha, Czech Republic) by the gas
chromatography with FID and ECD detector (method
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W-VOCFID0O1 — CZ SOP D06 03 156 except chap.
9.3 (US EPA 601, US EPA 8260, US EPA 8015, RBCA
Petroleum Hydrocarbon Methods) and were tested to
the following CAHs: VC, trans-1,2-DCE, 1,1-DCE,

cis-1,2-DCE, TCE, PCE and the sum of five chlorinated
hydrocarbons.

Decontamination of the groundwater with Nanofer 258
nanoparticles

Fig. 2 summarizes the nanodegradation of CAHs in the
contaminated groundwater with Nanofer 25S dispersion at
various concentrations (1,2 and 4 g.I""). A bottle without the
addition of nZVI served as the control of nZVI effectivity

- and the figure shows that the degra-
dation of selected hydrocarbons (cis-
1,2-DCE, TCE and PCE) runs even
without the nZVI addition (Fig. 2 A).
In a closed environment, PCE was
degraded spontaneously in the same
extent as with the nZVI particles. Va-
rious concentrations of nZVI had no
effect on the degradation of CAHs,

Fig. 1. Experimental setup: Container with contaminated groundwater in simulated
geological environment with nZVI. A — closeup of non-contaminated gravel applied
as a geological environment after nZVI application. B — closeup of model geological

environment after 62 days of nZVI application.

Obtained new data and discussion

Degradation of CAHs using nZVI Nanofer 25S was
carried out in the real contaminated groundwater, pumped
out from the area of environmental burden and in the
same contaminated water with the simulated geological
environment — gravel in fraction 4-8 mm. Analysis of the
CAHs concentration showed that VC, trans-1,2-DCE and
1,1-DCE were measured at insignificant concentrations
already at the input (immediately after pumping from
the well) (Tab. 1), therefore their degradation was not
evaluated.

only minimal differences were ob-
served. After 62 days of degradation,
almost 100 % of 1,2-DCE, TCE, PCE
and a sum of 5 CAHs was removed
from the contaminated groundwater.

Decontamination of the groundwater in the
simulated geological environment using Nanofer 258
nanoparticles

To approach the real conditions of the contaminated
area, nanodegradation of CAHs was provided in the
simulated geological environment represented with inert
non-contaminated gravel. Results are summarized in Fig.
3. Obviously, degradation of all determined CAHs runs
faster in the comparison of CAHs nanodegradation without
gravel. Rock environment has a natural capability to

Tab. 1

Concentrations of CAHs at the input — immediately after pumping from the well and concentrations after application of nZVI
in amount 1 g.I"! to the contaminated water (A) and contaminated water in simulated geological environment (B) after 1 and
62/28 days of nanodegradation.

. B. Concentration in the
Hygienic lim*its for ilﬁhgtl;flig:;?:;tﬁ d cont'aminated water in
L.imit of Goncentration wateig o the simulated geological
Contaminant | determination | at the input [ng.I"] [pg.] enwrori_rlnent
[ng] [ng] [mg.I"]
ID IT 62 days of 28 days of
nanodegradation nanodegradation
> 5 CAHs 5.0 854 n/a n/a 22 8.5
PCE 1.0 156 10 20 7.3 4.8
TCE 1.0 396 25 50 1.2 1.3
cis-1,2-DCE 1.0 299 25 50 13.5 2.4
1,1-DCE 1.0 1.1 10 20 <1.0 <1.0
trans-1,2-DCE 1.0 1.0 25 50 <1.0 <1.0
VvC 4.0 <4.0 10 20 <4.0 <4.0

ID — indication criteria, IT — intervention criteria according to Directive of Ministry of Environment of the Slovak Republic No. 1/2015 — 7 for
the elaboration of risk assessment analysis of contaminated sites.
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Fig. 2. Degradation of cis-1,2-DCE, TCE, PCE, sum of 5 CAHs from the contaminated groundwater by nanoparticles Nanofer 25S in

concentration 0 — control (A), 1 (B), 2 (C), 4 g.I'' (D), and the pH course. Sampling of water for pH, E , and E, after 1, 3, 7, 14, 28, and
62 days of static degradation.
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Fig. 3. Degradation of cis-1,2-DCE, TCE, PCE, and sum of 5 CAHs from the contaminated groundwater in the simulated geological
environment (non-contaminated gravel, fraction 4-8 mm) by nanoparticles Nanofer 25S in concentration 0 — control (A), 1 (B), 2 (C),
and 4 g.I'' (D), and the pH course. Sampling of water for pH, E, and E, after 1, 3, 7, 14, and 28 days of static degradation.
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degrade and eliminate chlorinated compounds, especially
due to the iron content.

Furthermore, carbonates of the gravel buffer the pH
fluctuations caused by the addition of nZVI and release
of OH" anions. In the bottles without gravel, pH value was
slightly rising up from neutral to basic values after the nZVI
addition (Fig. 2, Tab. 2), while in the presence of gravel,
pH value remained slightly basic (7.6-8.3) throughout
the nanodegradation. That could indicate the potential
success of future in situ groundwater nanoremediation in
the real geological environment. The “buffering” capacity
of geological environment may attenuate the change
of pH that can be responsible for undesired changes
in the environmental balance (e.g. metal leaching).
The temperature was increasing slightly from 20 °C to
26 °C, which designate this environment as favorable
for the autochthonous bacteria with the biodegradation
capabilities. Redox potential (E,) has a significant impact
to the natural attenuation; bioavailability and toxicity of
chemical substances correlate with oxidative and reductive
reactions in the matrix. The groundwater without nZVI
had positive E, values, but the addition of nZVI caused
the decrease to negative values, indicating the creation
of reductive conditions. As mentioned above, reductive
conditions are favorable for the degradation of highly
chlorinated CAHs — PCE, TCE, which has been confirmed
by the degradation results.

The addition of nZVI brought about the decreasing
of conductivity (E)) values in both environments after
addition of nZVI. The conductivity of the non-treated
groundwater remained almost at the same level; the nZVI
in the concentration of 1 g.I"' did not cause a change in
conductivity immediately after addition, but during
the experiment, the values were slightly decreasing.
The conductivity change may be related with the pH
change; alkaline environment can cause a precipitation of
electrolytes in the experimental container (Wactawek et al.,
2015). The crucial finding is, both approaches decreased
the concentration of cis-1,2-DCE, TCE and PCE below
the hygienic limits — ID and IT criteria (Tab. 1) for water
according to the above-mentioned Directive of Ministry of
Environment.

Conclusion

It was confirmed that degradation of the groundwater
CAHs in the isolated environment occurs even without
the application of remediation techniques. However,
spontaneous degradation in the real contaminated water is
determined with the inflow of the native water. Injection
of nZVI accelerated the CAH degradation, especially in
the contaminated groundwater in the simulated geological
environment. Almost complete degradation of cis-1,2-
DCE, TCE, PCE and the sum of 5 CAHs were achieved,
independent of the dose of nZVI (1 vs 4 g.I'). Taking into

Tab. 2
Physical parameters (t, E, pH and E ) measured during the nanodegradation of CAHs in the contaminated water (A) and
1n the contaminated water with simulated geological environment (B).

A. Contaminated water
without nZVL, ¢, , =0 g.I' c v=1gl!
Day t [°C] E, [mV] pH E_ [uS.cm™] | day t [°C] E, [mV] pH E, [puS.cm”|
1 20.8 230.1 7.08 1 066 1 20.8 -147.1 6.89 1 046
3 22.5 140.0 7.12 930 3 233 -76.2 7.56 973
7 21.3 78.4 7.08 927 7 20.9 -155.8 7.68 876
14 235 78.8 7.16 975 14 235 -18.1 8.53 782
28 22.8 101.6 6.58 1062 18 21.5 -201.7 9.52 725
62 26.3 272.6 7.49 1017 62 25.8 -337.0 9.81 618
B. Contaminated water in the simulated geological environment
without nZVL, ¢, =0g.l" cu=1lgl
Day t [°C] E, [mV] pH E, [pS.cm”] day t [°C] E, [mV] pH E, [pS.cm”]
1 20.7 83.1 7.04 1022 1 21.1 -365.1 7.60 950
3 22.3 132 7.11 1023 3 224 -387.0 7.95 843
7 24.6 54.2 7.11 935 7 22.1 -316.2 8.07 769
14 25.6 56.8 7.12 890 14 24.1 -253.2 8.33 692
28 22.7 106.2 7.17 1024 28 21.8 -217.9 7.70 674
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account the economic aspect, the concentration of nZVI
1 g1 is considered as sufficient for nanodegradation. In
addition, no VC was determined, therefore it is assumed
that the degradation pathway led to the formation
of non-toxic products. The gravel, representing the
geological environment, attenuated the alkalization of
the groundwater after the nZVI addition, creating the
suitable conditions for microbes with degradation abilities.
Results show a potential for successful in situ application
of nZVI, possibly in combination with other remediation
approaches, which may be the definitive solution for the
cleanup of polluted sites.

Acknowledgement

We are grateful to the Centre of Environmental
Services, Ltd. (Bratislava) for financing this research
and NANO IRON, s.r.o. (Czech Republic) for providing
samples of synthetic nZVI. We express our thanks to
reviewer Jozef Kordik and one anonymous reviewer for
corrections in the primary manuscript.

References

AUFFAN, M., Actouak, W., Rosg, J., Roncato, M. A., CHANEAC,
C., Wartg, D. T., Masion, A., Woicik, J. C., WIESNER, M. R.
& BottERO, J. Y., 2008: Relation between the redox state
of iron-based nanoparticles and their cytotoxicity toward
Escherichia coli. Environ. Sci. Technol., 42, 6730-6735.
https://doi.org/10.1021/es800086f.

AuUXT, A., SUCHOVA, M., MURIN, M., DRASTICHOVA, I. & MURINOVA,
M., 2002: Partial final report — ecological solution of the
Kosicka—Landererova Area in Bratislava. Remediation of the
ecological burden in the wider area of the industrial zone of
the former Apollo refinery. Partial task: Risk analysis (risk
assessment). Final Report, archive St. Geol. Inst. D. Stir;
Bratislava, 149 p. (In Slovak).

BarBee, C. G., 1994: Fate of chlorinated aliphatic hydro-
carbons in the vadose zone and ground water. Ground
Water Monit. R., winter 1994, 129-140. https://doi.
org/10.1111/j.1745-6592.1994.tb00098..x.

Buart, P, Kumar, M. S., MubpLIAR, S. & CHAKRABARTI, T.,
2007: Biodegradation of chlorinated compounds — a re-
view. Crit. Rev. Env. Sci. Tec., 37, 165—198. https://doi.
org/10.1080/10643380600776130.

CeccHIN, 1., Reppy, K. R., THOME, A., TEssAro, E. F. & ScHNAID,
F., 2017: Nanobioremediation: Integration of nanoparticles
and bioremediation for sustainable remediation of chlorinated
organic contaminants in soils. /nt. Biodeter. Biodegr., 119,
419-428. https://doi.org/10.1016/.ibiod.2016.09.027.

CremENT, T. P., Jounson, CH. D., Sun, Y., KLecka, G. M. &
BarTLETT, C., 2000: Natural attenuation od chlorinated ethene
compouds: model development and field-scale application at
the Dover site. J. Contam. Hydrol., 42, 113—140. https://doi.
org/10.1016/S0169-7722(99)00098-4.

140

CERNIK, M., 2010: Chemically supported in situ remediation
technologies. 1. Ed, Praha, Vyd. VSCHT, 348 p. ISBN
978-80-7080-767-5 (In Czech).

Directive of Ministry of Environment of the Slovak Republic
No. 1/2015-7 for the elaboration of risk assessment
analysis of contaminated sites. http://www.minzp.sk/files/
sekcia-geologie-prirodnych-zdrojov/ar_smernica_final.pdf.
Accessed 27 June 2018 (In Slovak).

EL-TemsAH, Y. S. & Joner, E. J., 2012: Ecotoxicological effects
on earthworms of fresh and aged nano-sized zero-valent
iron (nZVI) in soil. Chemosphere, 89, 76-82. https://doi.
org/10.1016/j.chemosphere.2012.04.020.

EL-TemsaH, Y. S. & JonERr, E. J., 2013: Effects of nano-sized zero-
valent iron (nZVI) on DDT degradation in soil and its toxicity
to collembola and ostracods. Chemosphere, 92, 131-137.
https://doi.org/10.1016/j.chemosphere.2013.02.039.

Fajarpo, C., SaccA, M. L., MARTINEZ-GOoMARIZ, M., CosTA,
G., NanDE, M. & MARTIN, M., 2013: Transcriptional and
proteomic stress responses of a soil bacterium Bacillus
cereus to nanosized zero-valent iron (nZVI) particles.
Chemosphere, 93, 1077-1083. https://doi.org/10.1016/].
chemosphere.2013.05.082.

FrankovskA, J., Korpik, J., SLANINKA, 1., Jurkovic, L., Grelr, V.,
SorTNiK, P., Danalag, L., MIKiTa, S., DERCOVA, K. & JANOVA,
V., 2010: Atlas of remediation methods of environmental
loads. Bratislava, St. Geol. Inst. D. Stir, 360 p. ISBN
978-80-89343-39-3 (In Slovak).

HorvAtHOVA, H., LAszLovA, K. & Dercova, K., 2019: Bioreme-
diation vs. nanoremediation: degradation of polychlorinated
biphenyls (PCBs) using integrated remediation approaches.
Water Air Soil Pollut., 230, 204. https://doi.org/10.1007/
s11270-019-4259-x.

Cuiu, W. A., JiNor, J., ScotT, CH. S., Markis, S. L., Coorer, G.
S., Dzuow, R. C., BaLg, A. S., Evans, M. V., GuyTton, K.
Z., KesHava, N., Lipscoms, J. C., BAroNE Jr., S., Fox, J. F,,
GwiNN, M. R., ScHaum, J. & CaLpweLL, J. C., 2013: Human
health effects of trichloroethylene: key findings and scientific
issues. Environ. Health Perspect., 121, 303-311. https://doi.
org/10.1289/ehp.1205879.

JANTAK, V. & PoLAk, R., 2001: The Kosicka Bridge — Delimitation
of the area with the possibility of contamination of soils and
groundwater. Final Report. Bratislava, archive St. Geol. Inst.
D. Stur; 17 p. (In Slovak).

JANTAKOVA, N., ZENISOVA, Z., KorpiK, J. & BENKOVA, K., 2018:
Monitoring the impact of environmental burdens from the
former Apollo Refinery, the Chemika and Gumon plants in
Bratislava. Acta Geol. Slov., 10, 2, 73-87.

KEeane, E., 2009: Fate, transport, and toxicity of nanoscale
zero-valent iron (nZVI) used during superfund remediation.
National network for environmental management studies
fellow Duke University, for: U.S. Environmental Protection
Agency, Office of solid waste and emergency response.
Office of superfund remediation and technology innovation,
Washington, DC, 18-23.

Kotcharral, P., KHAN, E. & Vangnal, A. S., 2017: Membrane
alterations in Pseudomonas putida F1 exposed to nanoscale
zerovalent iron: Effects of short-term and repetitive nZVI
exposure. Envi. Sci. Tec., 51, 7804-7813. https://doi.
org/10.1021/acs.est.7b00736.



Horvathova, H. et al.: Nanodegradation of chlorinated hydrocarbons from groundwater in the native geological environment
(laboratory batch experiment)

MALOVESKY, M., Socuvka, M. & BruTeNIc, P., 2006: Remediation
of old ecological burdens in the wider area of the industrial
zone of the former Apollo Bratislava refinery. Final Report.
Bratislava, archive St. Geol. Inst. D. Stur, 18 p. (In Slovak).

Munpt, K. A., Birg, T. & Burch, M. T., 2003: Critical review
of the epidemiological literature on occupational exposure
to perchloroethylene and cancer. Int. Arch. Occup. Environ.
Health, 76, 473—491. https://doi.org/10.1007/s00420-003-
0457-2.

NEMECEK, J., LHoTsKY, O. & CartHamL, T., 2014: Nanoscale zero
valent iron application for in situ reduction of hexavalent
chromium and its effects on indigenous microorganism
populations. Sci. Total Environ., 485—486, 739—747. https://
doi.org/10.1016/j.scitotenv.2013.11.105.

Pristas., J., Hornig, J., HaLouzka, R., Macray, J., KoNECNY,
V., LExa, J., NaGY, A., Vass, D. & VozAr, J., 1992: Surface
geological map of the Danube region, 1 : 50 000. Manuscript.
Bratislava, archive St. Geol. Inst. D. Stir:

Rusyn, L., Cuiu, W. A., LasH, L. H., KromHour, H., HANSEN, J. &
Guyrton, K. Z., 2014: Trichloroethylene: mechanistic, epide-
miologic and other supporting evidence of carcinogenic ha-
zard. Pharmacol. Ther, 141, 55-68. https://doi.org/10.1016/].
pharmthera.2013.08.004.

ScHIEFLER, A. A., ToBLER, D. J., Overutu, N. D. & Tuxem. N.,
2018: Extent of natural attenuation of chlorinated ethenes
at a contaminated site in Denmark. Energy Procedia, 146,
188—193. https://doi.org/10.1016/j.egypro.2018.07.024.

SuiN, K. H. & Cua, D. K., 2008: Microbial reduction of
nitrate in the presence of nanoscale zero-valent iron.
Chemosphere, 72, 257-262. https://doi.org/10.1016/j.che-
mosphere.2008.01.043.

STEFANIUK, M., OLESzczUK, P. & Ok, Y. S., 2016: Review on nano
zerovalent iron (nZVI): From synthesis to environmental
applications. Chem. Eng. J., 287, 618-632. https://doi.
org/10.1016/j.cej.2015.11.046.

Tian, H., Liang, Y., YanGg, D. & Sun, Y., 2020: Charac-
teristics of PVP — stabilized NZVI and application to

dechlorination of soil-sorbed TCE with ionic surfactant.
Chemosphere, 239, 124807. https://doi.org/10.1016/j.che-
mosphere.2019.124807.

Viasko, 1., VLasko ML., 1., VYBocH, M. & ZatLakovIC, M., 2015:
Bratislava, TWIN CITY north. Detailed geological survey of
the environment. Final report. V&V GEO, s.r.0. Manuscript.
Bratislava, archive St. Geol. Inst. D. Stir (In Slovak).

WACLAWEK, S., Nosek, J., CADROVA, L., ANT0§, V. & CERNIK,
M., 2015: Use of various zero valent irons for degradation
of chlorinated ethenes and ethanes. Ecol. Chem. Eng., 22,
577-587. https://doi.org/10.1515/eces-2015-0034.

Warter, R. K., LiN, P-H., EDwarDps, M. & RicHArDSON, R. E.,
2011: Investigation of factors affecting the accumulation of
vinyl chloride in polyvinyl chloride piping used in drinking
water distribution systems. Water Res., 48, 2607-2615.
https://doi.org/10.1016/j.watres.2011.02.016.

WanG, Q., Song, X., Tang, S. & Yu, L., 2020: Enhanced
removal of tetrachloroethylene from aqueous solutions by
biodegradation coupled with nZVI modified by layered
double hydroxide. Chemosphere, 243, 125-260. https://doi.
org/10.1016/j.chemosphere.2019.125260.

YaNG, Y. F., Cuen, P. J. & Liao V. H. Cu., 2016: Nanoscale
zerovalent iron (nZVI) at environmentally relevant con-
centrations induces multigenerational reproductive toxicity
in Caenorhabditis elegans. Chemosphere, 150, 615—623.
https://doi.org/10.1016/j.chemosphere.2016.01.068.

Yu, J. J. & Chou, S. Y., 2000: Contaminated site remedial
investigation and feasibility removal of chlorinated volatile
organic compounds from groundwater by activated carbon
fiber adsorption. Chemosphere, 41, 371-378. https://doi.
org/10.1016/S0045-6535(99)00437-3.

Zhang, W., Xiao, T., Liu, N. & Ying, W., 2017: The removal of
chlorinated aliphatic hydrocarbons from water using reactive
activated carbon: the influence of synthesis factors and
reaction environments. Environ. Technol., 39, 1328—1339.
https://doi.org/10.1080/09593330.2017.1329350.

Nanodegradacia chlérovanych uhl'ovodikov z podzemnej vody v nativhom
geologickom prostredi (Iaboratorny vsadzkovy experiment)

Degradacia chlérovanych uhl'ovodikov (CIU) aplika-
ciou nanocastic zeleza s nulovym mocenstvom (nZVI) do
geologického prostredia predstavuje inovativnu remediac-
na metddu. Uspech takejto remediacie CIU in situ je pod-
mieneny realizaciou experimentov v podmienkach, ktoré
¢o najdovernejSie simuluju realne geologické prostredie.
Jednymi z najnebezpecnejSich a zaroven najcastejsie sa
vyskytujtcich chlorovanych uhlovodikov st chlérované
etény — vinylchlorid (VCM), 1,1-dichléretén (1,1-DCE),
cis-1,2-dichloretén (cis-1,2-DCE), trans-1,2-dichléretén
(trans-1,2-DCE), trichloretén (TCE) a tetrachloretén
(perchléretén, PCE). V minulosti sa potencialnej toxici-
te CIU nevenovala pozornost’, no v sti€asnosti je zname,
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ze izoméry DCE a PCE su organizaciou US EPA klasi-
fikované ako pravdepodobné karcinogény a VCM a TCE
ako potvrdené karcinogény. Ciel'om tohto vyskumu bola
degradacia chlorovanych uhl'ovodikov z nativnej vzorky
kontaminovanej podzemnej vody v simulovanom geolo-
gickom prostredi aplikaciou disperzie nZVI Nanofer 25S.
Nanocastice ako silné redukéné ¢inidlo CIU sa degraduji
mechanizmom sekven¢nej hydrogenolyzy alebo za urci-
tych podmienok v pripade CIU s vicinalnymi chlérovymi
substituciami redukénou B-eliminaciou. CIU podliehaji
nasledujucemu rozkladu: PCE — TCE — DCE— VCM
— etén. Vysledkom redukcie je teda znizenie stupna chlo-
racie.
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Nativna kontaminovana voda pochadza z lokality
Klingerka, nachadzajucej sa v SirSom centre Bratislavy.
Podzemna voda je kontaminovana ropnymi uhl'ovodikmi
z ¢ias bombardovania rafinérie Apollo. Voda bola odobrana
jednorazovo z vrtu CS-21 cerpadlom podla prislusnych
noriem a technickych noriem STN.

Stacionarny experiment degradacie CIU v nativnej
vode (A) prebiehal v sklenenych nadobach (2 1) s nativnou
kontaminovanou vodou zo zasobnej nadrze (2 1). Do flias
bola pridana disperzia nZVI Nanofer 25S v koncentracii 1,
2 a4 g.1" Jedna nadoba ostala bez pridavku nZVI (kon-
trola). Stacionarny experiment degradacie CIU vo vode
v simulovanom geologickom prostredi (B) sa realizoval
s pouzitim inertného nekontaminovaného $trku s frakciou
4 — 8 mm. Takyto systém reprezentoval Strkovy kolektor
podzemnej vody. Test prebiehal v sklenenych nadobach
(5 1) naplnenych strkom a doplnenych nativnou vodou zo
zasobnej nadrze (ca 1,5 1). Do nadob bola pridana disper-
zia nZVI Nanofer 25S v koncentracii 1,2 a4 g . I'!. Jedna
nadoba ostala bez pridavku nZVI (kontrola). Experimenty
prebiehali pri teplote 20 — 25 °C. Z nadob sapo 1, 3, 7, 14
a 28 dioch [z nadob s nativnou vodou (experiment A) aj
po 62 dnoch] odoberali vzorky a zmerali sa zakladné fyzi-
kélne veli¢iny (t, pH, E,, E ). Koncentracia 5 CIU (VCM,
1,1-DCE, trans-1,2-DCE a cis-1,2-DCE, TCE, PCE) a jej
sumy v odobranych vzorkach sa stanovila v akreditova-
nych laboratériach ALS Ceska republika.

V kontaminovanej nativnej vode (experiment A) aj vo
vode v simulovanom horninovom prostredi (experiment
B) sa bez pridavku nZVI v priebehu trvania experimentu
(62/28 dni) degradovalo vyse 80 % sumy 5 CIU.
Degradacia CIU v uzavretom priestore (sklenena nadoba)
prebicha do znacnej miery aj samovolne. Za thto
degradaciu okrem beznych fyzikalno-chemickych javov
moézu byt zodpovedné aj mikroorganizmy pritomné
v nativnej vode (Schiefler et al., 2018). Tie sa pri vyssej
teplote (20 — 25 °C) mohli podielat’ na ubytku CIU
ich biodegradaciou. Realizovanymi experimentmi sa
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potvrdila aj u¢innost aplikacie nZVI, pridavkom disperzie
Nanofer 25S sa v oboch systémoch za rovnaky cas (62/28
dni) dosiahla kompletna, 100 % degradacia sumy 5 CIU.
Sledovali sa len minimalne rozdiely v degradécii pri roznej
koncentracii nZVI, takze na degradaciu CIU v uzavretom
prostredi postacuje disperzia nZVI v koncentracii 1 g . I'%.

V simulovanom horninovom prostredi vytvorenom
pridavkom inertného Strku prebiehala degradacia rychlejsie
—vnadobach snZVI aj vkontrole. Uz po 7 diioch posobenia
nZVI sa degradacia priblizovala k 100 %, no v nadobach
bez strku sa za rovnaky Cas sledovala degradacia nizsia
takmer o 40 %. Horninové prostredie ma prirodzena
schopnost’ odburavat’ a eliminovat’ chlérované uhl'ovodiky
najmé vd’aka pritomnosti zeleza. Pritomnost’ karbonatov
horninového prostredia zaroven timi vykyvy pH spdsobené
pridavkom nZVI. V nadobach bez $trku sa pH po pridavku
nZVI1 zvySovalo, v pritomnosti Strku sa hodnota pH drzala
v neutralnej, resp. jemne bazickej oblasti. Takéto prostredie
je potencialne vhodné aj pre autochtonne mikroorganizmy
s biodegradac¢nymi schopnost’ami.

Sanacia vodného, resp. horninového prostredia nano-
zelezom patri medzi inovativne sana¢né technologie a je
mozné ju efektivne kombinovat’ s réoznymi biologickymi
pristupmi  ¢i  fyzikdlno-chemickymi postupmi, napr.
podporou elektrickym pridom a pod. Potvrdilo sa,
ze proces degradacie CIU prebicha aj bez aplikacie
akychkol'vek sanac¢nych technik, no v realnom prostredi
by bola samovolna degradacia determinovana pritokom
cerstvej nativnej vody. Injektaz nZVI vo vhodne zvolene;j
koncentracii do podzemnej kontaminovanej vody by
v takomto pripade mohla proces degradacie urychlit
a zefektivnit. V uzavretom prostredi sa v nativnej vode aj
vo vode v simulovanom geologickom prostredi dosiahla
kompletna degradacia sumy 5 chlérovanych uhl'ovodikov.
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